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ABSTRACT
Toxoplasma gondii is a protozoan parasite which resides in 
modified endocytic compartments of host cells. Extensive intracellular 
replication and host cell lysis leads to acute toxoplasmosis which is 
eventually limited by the host immune response to a chronic state of 
infection. The features of this unique intracellular compartment, 
which enables Toxoplasma to survive in macrophages, are reported here.
Although Toxoplasma survives in normal macrophages, activated 
macrophages from immune animals rapidly killed Toxoplasma by production 
of oxygen radicals and intermediates generated during parasite 
invasion. In addition, activated macrophages inhibited Toxoplasma 
growth by an oxygen-independent mechanism. Qualitative and 
quantitative features of oxygen intermediate detoxifying enzymes, 
catalase and superoxide dismutase, were described from two strains of 
Toxoplasma. These enzymes did not appear to be the basis for 
differences in strain virulence, but may contribute to intracellular 
survival in normal macrophages.
A newly recognized microbicidal mechanism involves the rapid 
acidification during the formation of endocytic compartments. Live 
Toxoplasma entered into modified phagocytic vacuoles in normal 
macrophages that do not show characteristic acidification, but remain 
at near neutral pH. In contrast, the enhanced acidificaton capacity of 
activated macrophages and of normal macophages in the presence of 
specific antibody may contribute to the toxoplasmacidal responses of 
these cells.
The unique modified endocytic vacuole occupied by Toxoplasma is 
characterized by an accumulation of membrane-like tubules which may
i v
contribute to growth of the vacuole membrane. Purification of this 
signifcant host parasite interface confirmed that the tubules are 
parasite derived, are comprised of membrane vesicles which are 
responsive to calcium levels, and contain proteins recognized by mouse 
anti- Toxoplasma sera.
v
INTRODUCTION
Toxoplasma gondii is an obligate intracellular protozoan parasite 
which invades all types of nucleated cells (Werk, 1985) and is capable 
of causing both acute and chronic infection in mammals. During the 
acute infection Toxoplasma cells divide rapidly within a modified 
endocytic vacuole, eventually leading to lysis of the host cell. Acute 
toxoplasmosis rarely leads to disease in the immune competent host. 
Rather, the ensuing immune response, which involves specific antibody 
production, activation of macrophages, and cell mediated lymphokine 
production , kills or inhibits the majority of parasites (Krahenbuhl, 
and Remington 1980). However, Toxoplasma cells which survive the 
immune onslaught give rise to persistant infections characterized by 
slow growing tissue cysts (Dubey 1977). The chronic state is evidenced 
by positive serological reaction to Toxoplasma, but does normally not 
cause overt symptoms. The high incidence of anti- Toxoplasma antibody 
in human populations and increased awareness of immune deficiency 
states has renewed interest in intracellular opportunistic pathogens 
such as Toxoplasma. Latent, chronic organisms are capable of 
regenerating an acute infection with the breakdown of immune 
surveilance. Up to 50% of acquired immune deficiency patients may be 
at risk of acute toxoplasmosis by emergence of chronic infections 
(Vieira et al. 1983).
The rapid establishment of the modified endocytic vacuole during 
invasion is paramount to the intracellular survival of Toxoplasma. 
Toxoplasma cells are faced with significant environmental fluctuations 
during the early phases of cell entry. During phagocytosis, the host 
cell plasma initiates oxygen radical and intermediate production,
acidification and enzymatic digestion. Within this membrane bound 
compartment, the Toxoplasma cell must sucessfully maintain homeostasis 
to insure survival.
The present series of reports concern the physiologic and * 
morphological events during the initial stages of Toxoplasma infection 
of cultured macrophages from mice. The mouse macrophage provides a 
useful model for controlled study of the specific events occuring at 
this cell-cell interface during infection. Because the role of the 
macrophage in infection is well documented, experimental results are 
readily extrapoliated to related intracellular microorganisms and 
models of immune resistance.
The entry of Toxoplasma cells into macrophages does not stimulate 
production of oxygen radicals and intermediates characteristic of 
phagocytosis (Wilson et al. 1980). Once established, the modified 
endocytic vacuole occupied by Toxoplasma remains segregated from host 
cell lysosomes and thus is not digested (Jones and Hirsch 1972 ). 
Macrophages from mice with chronic Toxoplasma infection are activated 
and rapidly kill and eliminate Toxoplasma (Remington et al. 1972, Jones 
et al. 1975). The first chapter examines the oxygen-dependent vs. 
oxygen-independent mechanisms involved in killing of Toxoplasma by 
activated macrophages.
Toxoplasma strains are antigenically and morphologically similar; 
however, they show widely different division rates and virulence to 
mice. The nature of this difference is not understood. Toxoplasma is 
equipped with oxygen intermediate detoxifying enzymes which may explain 
its survival within normal macrophages. The second chapter examines 
the qualitative and quantitative nature of catalase and superoxide 
dismutase from two strains of Toxoplasma.
The acidification of newly formed endocytic compartments appears 
to be an inherent feature of eukaryotic cells (Geisow et al. 198i).
This drop in pH may affect the survival of intracellular 
microorganisms. In the third chapter the question of acidification of 
the modified endocytic vacuole occupied by Toxoplasma is addressed with 
relation to intracellular survival.
The unique morphology of the modified endocytic vacuole is 
examined in the fourth chapter. This compartment is characterized by 
membrane-like vesicles within the lumen, which may contribute to the 
observed enlargement of the vacuole. Significantly both malaria and 
eiraerian parasites, which are major health and animal disease agents 
respectively, are also characterized by the formation of a similar 
modified intracellular vacuole. As the primary interface between the 
host cell and the parasite this material may account for the resistance 
of the vacuole to digestion.
CHAPTER 1
LYMPHOKINE ACTIVATION OF J774G8 CELLS AND MOUSE 
PERITONEAL MACROPHAGES CHALLENGED WITH 
TOXOPLASMA GONDII.
L. David Sibley, 
James L. Krahenbuhl, and 
Earl Weidner
Infection and Immunity 49: 760-764, 1985.
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Lymphokine Activation of J774G8 Cells and Mouse Peritoneal 
Macrophages Challenged with Toxoplasma gondii
L. DAVID SIBLEY.1* JAMES L. KRAHENBUHL.} a n d  EARL W EIDNER1
Department o f  Zoology and Physiology. Louisiana State University. Baton Rouge. Louisiana 70803} and Laboratory o f  
Immunology Research. National Hansen's Disease Center. Carville, Louisiana 70721:
R eceived 17 January 1985/Accepted 14 June 1985
In vitro activation of macrophage cell line J774G8 and mouse peritoneal macrophages resulted in 
oxygen-dependent and oxygen-independent killing of Intracellular Toxoplasma gondii. Activation was charac­
terized by oxygen-dependent killing detectable by enhanced lysosome fusion and digestion of T. gondii. The 
toxoplasmacidal activity of activated J774G8 cells and peritoneal macrophages was prevented by adding the 
oxygen intermediate scavengers catalase o r superoxide dlsmuta*? during culture. Activated J774G8 cells and 
peritoneal macrophages also inhibited replication of those Toxoplasma organisms which survived the initial 
microbicidal activity. The inhibition of Toxoplasma replication was not significantly atTected by exogenous 
catalase or superoxide dlsmutase. Peritoneal macrophages from roxopbumo-immune mice showed similar 
microbicidal and inhibitory responses, supporting the model that activation leads to destruction of intracellular 
parasites by two different mechanisms.
Toxoplasma gondii is an obligate intracellular parasite 
which resides in modified phagocytic vacuoles that fail to 
trigger oxygen intermediate formation (31) and resist fusion 
with lysosomes in mouse macrophages (10). In contrast to 
the evasion of host-cell digestion by live Toxoplasma orga­
nisms, antibody-coated or heat-killed T. gondii organisms 
induce an elevated respiratory burst and as a result are killed 
and undergo lysosomal digestion (10.16. 311.
Peritoneal macrophages from Tiuop/armo-immune mice 
or in vjtro-activated macrophages have increased resistance 
to intracellular pathogens t l .  3. 35. 38) correlated with 
elevated respiratory' burst activity (17). The resulting levels 
o f oxygen intermediates are lethal to T. gondii (16). leading 
to high rates o f lysosome fusion in immune macrophages 
(31). Immune or in vitro-activated macrophages (11. 35) and 
lymphokine-treated fibroblasts (3.7) also inhibit Toxoplasma 
replication in the absence o f lysosomal digestion.
The present work examined the interaction of Toxoplasma 
organisms with J774G8 cells, a macrophage cell line capable 
of Fc and C3b receptor-mediated endocytosis (30). Although 
J774G8 cells normally produce very low levels o f oxygen 
intermediates, lymphokine treatment leads to elevated res­
piratory burst activity (14). tumur cell killing (34) and Leish- 
mania killing (14). In vitro-activated J774G8 cells and mouse 
peritoneal macrophages (MP.M) were used here to further 
examine oxygen-dependent and oxygen-independent killing 
of T. gondii.
MATERIALS AND METHODS
Parasite and cell culture. The RH strain o f T. gondii was 
maintained by serial intraperitoneal passages in CF1 outbred 
mice (Charles River Laboratories) (31). The C strain of T. 
gondii (33) was maintained in human fibroblast cultures 
grown in Dulbecco modified Eagle m edium -10# heat- 
inactivated fetal calf serum (HIFCS) (GIBCO Laboratories) 
(37). Resident MPM harvested in calcium-magnesium-free 
phosphate-buffered saline (Irvine Scientific) were cultured for 
34 h on 13-mm glass cover slips in RPM I1640.30 mM HEPES 
(A'-3-hydroxyeihylpiperazine-/V-2'-ethanesulfonic acid)
* Corresponding author.
(GIBCO). 100 U of penicillin per ml and 100 pg of 
streptomycin per ml (Pfizer Laboratories) containing 10# 
HIFCS (Hydone Sterile Systems Inc.); complete culture 
media is hereafter referred to as CRPM1. Ellicitcd macro­
phages were harvested 3 days after a 1-cc intraperitoneal 
injection of 3 #  thioglycolate medium (BBL Microbiology 
Systems) and cultured in CRPM1. Toxoplasma-immune 
macrophages were harvested from chronically infected mice 
and cultured in CRPM1. For in vitro activation experiments 
J774G8 cells were plated on glass cover slips and cultured in 
RPMI 1640-15# HIFCS for 34 h before use. Cell cultures 
were negative for mycoplasma contamination as determined 
by regular subculiuring. endotoxin negative (£0.007 ng/ml I as 
determined by the Limulus amebocyte assay (Associates of 
Cape Cod Inc.) and free o f anti-Toxoplasma antibodies as 
determined by indirect fluorescent assay.
Immune lymphokine production. To produce chronic 
Toxoplasma infections. CF-1 mice were inoculated with 5 * 
10* cells of the C strain of T. gondii, followed by 1 week of 
sulfadiazine treatment. At 3 weeks and 5 weeks mice were 
challenged with 5 x 10* live C strain cells and 1 x 10* live 
RH strain T. gondii cells, respectively. At 3 weeks after the 
RH challenge. Toxoplasma-stimulated lymphokines were 
produced by culture o f immune mouse spleen cells for 48 h 
in CRPMI containing 50 pg of Toxoplasma antigen per ml 
(frozen lysate). Mitogen-stimulated lymphokines were pro­
duced by culture of normal mouse spleen cells for 48 h w ith 
10 pg of Concanavalin A (ConA) per ml (Sigma Chemical 
Co.) added. Control supernatants were produced from nor­
mal spleen cells cultured for 48 h with ConA added at the end 
of culture. ConA-containing supernatants were incubated 
with 1.5 mg of Sephadex G10 per ml (Pharmacia) for 30 min 
and then clarified by centrifugation at 1.000 x g  for 10 min 
and stored at -10°C . All supernatants used for activation 
studies were negative for anti-Toxoplasma antibody and had 
no detectable endotoxin (by the Limulus amebocyte assay).
In vitro activation. To determine the capability o f spleen 
cell lymphokines to  activate MPM or J774G8 cells, monolay­
ers were cultured for 18 h in 3 0 #  spleen cell supernatant plus 
10#  thioglycolate media in CRPMI (endotoxin positive at 
0.1 ng/ml) (13). Live T. gondii RH cells were suspended in
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0.2 ml o f CRPMI and used to infect macrophage monolayers 
at a  challenge ratio of 5:1. After 5 min. monolayers were 
rinsed extensively 3 times in RPMI 1640 medium and re­
turned to culture in fresh CRPMI.
To examine the oxygen dependence o f Toxoplasma kill­
ing. activated macrophages were cultured with the oxygen 
intermediate scavengers catalase and superoxide dismutase. 
Macrophage monolayers, activated in vitro with either ConA 
or Toxoplasma lymphokines were cultured for 4 h with 
superoxide dismutase (1 mg/ml. 3.250 U/mg: Sigma) or cat­
alase (1 mg/ml. 11.000 U/mg: Sigma) before challenge with T. 
gondii and during all subsequent incubations.
(I) Acidic vesicle fusion. Fusion of lysosomes and other 
acidic orga 'cllcs with macrophage vacuoles containing T. 
gondii organisms was evaluated 1 h after infection of 
monolayers prelabcled with acridine orange (AO) (13). The 
percent of 7Vtfr>p/asma-containig vacuoles that showed evi­
dence of AO vesicle fusion was counted from 100 cells In =
3) using a Leitz Ortholux II epifluorcscence microscope. 
Photomicrographs were taken with a 40x Fluorenz objective 
lens (N.A. 1.40) with a  Nikon HFX automatic 35-mm camera 
and Kodak Tri-x film.
(II) Nltroblue Tctrazollum (NBT) reduction. Macrophage 
monolayers were challenged with T. gondii in CRPMI con­
taining 0.2 mg of NBT per ml (Sigmal. Vacuoles containing 
T. gondii were scored after 1 h at 37“C as NBT-positivc 
based on blue-black formazan deposit visible in bright-field 
examination of 100 cells In = 3) (31).
(III) Inhibition o f Toxoplasma replication. Toxoplasma rep­
lication and the percentage of macrophages infected was 
evaluated by phase-contrast microscopic examination of 
9-aminoacridine (0.4C? in 5(Kr ethanol-water) fixed monolay­
ers at 1 ,6 . and 18 h postinfection from 100 cells (« =■ 3) t i l .  
12.25). The Student t test was used to determine statistically 
significant differences between means.
R E S U L T S
Fusion of AO-veslclts monitors early killing of T. gondii. 
The technic o f labeling acidic vesicles, including lysosomes.
FIG . 1. F luorescence and phase-contrast micrographs o f  AO- 
labeled m acrophages infected with T. gond ii. L ive T. gond ii orga­
nism s reside in modified phagocytic vacuoles w hich successfully  
resist fusion o f  lysosom es and other acidic vesic les labeled with AO  
(arrows). H ow ever, vacu oles containing dead T. g o nd ii organisms 
readily fuse with A O -vesid es  (arrowheadl.
too
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FIG. 2. Intracellular fate o f  T. g o nd ii in m ouse peritoneal m ac­
rophages prelabeled with AO . L ive T. gond ii organisms from m ouse  
ascites l C l resist lysosom e fusion in normal m acrophages, whereas 
heat-killed (60‘C. 10 m in i (■ )  T. g o n d ii organism s readily undergo 
fu sion . W hen live  T. g o n d ii  are coated  w ith specific  anti- 
T oxoplasm a  antibody they undergo high rates o f  fusion w ith similar 
kinetics shown for heat-killed T. gondii. Values represent m eans -  
standard error, n -  3.
with AO was used to quantify the intracellular fate o f live 
versus heat-killed T. gondii organisms in normal macro­
phages (Fig. II. The extent o f AO-vesicIc fusion reached a 
maximum at 1 h postinfection (Fig. 2) and confirmed previ­
ous reports on the fate of live versus dead T. gondii 
organisms in normal macrophages (10. 311. When live T. 
gondii cells are coated with specific antibody (heat- 
inactivated) before infection, they enter into phagocytic 
vacuoles which undergo high rates of AO-vesicle fusion 
similar to that depicted in Fig. 2 for heat-killed Toxoplasma 
cells. The extent o f AO-vesicle fusion (Fig. 21 agreed closely 
w ith the  o bserved  red u ctio n  in the  p e rcen tag e  of 
Toxoplasma-infected macrophages between 1 h and 18 h 
postinfection (Fig. 3).
In vitro activation of mouse peritoneal macrophages. The 
microbicidal state o f normal, lymphokine-treated. and im­
mune macrophages was evaluated based on the fate of 
intracellular T. gondii after in vitro infection. Normal peri-
100
HOURS POST PHAGOCYTOSIS
FIG. 3. R eduction in the percentage o f  Toxoplasm a-infected  
m ouse peritoneal m acrophages. D igestion o f  T. gond ii during cu l­
ture correlates with the extent o f  acidic vesicle fusion during the first 
hour after infection (Fig. 2). Sym bols: O . live T. g o n d ii organisms; 
• ,  specific antibody-coated live T. go nd ii organism s: ■ .  heat-killed  
T. g o n d ii organisms. V alues represent m eans £  standard error, n = 
3.
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FIG. 4. A ctivation o f  m ouse peritoneal m acrophages challenged  
with T. gond ii as evaluated by acidic vesicle fusion, including 
lysosom es i D l  and N B T  reduction in vacuoles containing 7. 
g ondii i t S ) i  Culture conditions: (C l control CRPMI; (CTl 1 03  
thioglycolate medium in CRPMI; INSSI 2 0 3 . normal spleen cell 
supernatant. 1 0 3  thioglycolate in CRPMI; iC S S l 20'r ConA spleen  
ce ll sup ernatan t. 1 0 3  th io g lyco la te  in C R PM I; (T S S l 2 0 3  
T oxop lasm a  immune spleen cell supernatant. 1 03  thioglycolate in 
CRPMI: (IM l peritoneal m acrophages from Toxoplasm a-im m une  
m ice in CRPMI. V alues represent means -  standard error, n  ■  3.
toneal macrophages cultured in CRPMI. CRPMI supple­
mented with thioglycolate. or CRPMI supplemented with 
control spleen supernatants plus thioglycolate all exhibited 
low levels of acidic vesicle fusion and NBT reduction (Fig.
4). Toxoplasma replication was not inhibited under these 
culture conditions (Table II. Activation required both a 
source of endotoxin, provided by thioglycolate media, and 
e ith e r ConA o r T o xop /a jm a-stim u lated  sp leen  cell 
lymphokines. Treatment of mouse macrophages with up to 
503 ConA or Toxoplasma lymphokine-containing spleen 
cell supernatants did not result in activation in the absence of 
thioglycolate or a similar source o f endotoxin. Macrophage 
activation due to lymphokine treatment in the presence of 
endotoxin resulted in elevated levels of AO-vesicle fusion 
and increased NBT reduction within vacuoles containing T. 
gondii (Fig. 4). In addition. MPM treated with ConA or 
Truop/aima-stimulated lymphokines significantly inhibited 
Toxoplasma replication, resulting in single parasites which 
remained morphologically intact, yet had failed to divide 18 
h after infection (Table 1). Immune macrophages cultured in 
CRPMI also showed high incidence of NBT-positive 
vacuoles. AO-vesicle fusion (Fig. 4) and inhibition of 
Toxoplasma replication (Table 1).
In vitro activation of J774G8 cells. J774G8 cells cultured in 
CRPMI supplemented with 203  control spleen lymphokine-
T A B L E  1. Inhibition o f  7. g o nd ii replication by MPM and 
J774G8 cells treated with spleen cell supernatants plus 
thioglycolate medium
M acrophages o r cells
N o. o f  T . gondii organism s vacuole at 18 h 
postinfcction* treated  with spleen cell 
supernatants:
Norma) ConA Toxopta xma immune
MPM
J774G8 c e lls
4 .2  =  0.1* 
3.9  s  0.1*
1.1 S  0 .1 '
1.2 r  0 .1 '
1.2 -  0 .1 ' 
1.1 s  0 .1'
Toxoplasm a-immune
m a c ro p h a g e s
1.4 s  0 .1 '
plus-thioglycolate medium exhibited low levels of acidic 
vesicle fusion with Toxoplasma-containing vacuoles (Fig. 5). 
The replication of T. gondii in J774G8 cells was similar to 
that observed in normal MPM (Table 1). However. J774G8 
cells cu ltu red  with ConA o r Toxoplasm a-stim ulated 
lymphokines-plus-thioglycolate medium showed character­
istic activation as measured by killing o f intracellular 7. 
gondii. This activation was evident in high rates of AO- 
vesicle fusion (Fig. 5) and inhibition of Toxoplasma replica­
tion (Table 1). Activation of J774G8 cells also required a 
source of endotoxin provided by thioglycolate media.
No instances of NBT reduction were observed in J774G8 
cell vacuoles containing T. gondii. In addition, no NBT 
reduction was observed when specific antibody-coated 7. 
gondii organisms were used to infect both normal and 
lymphokine-activated J774G8 cells, although these condi­
tions lead to high rates o f NBT reduction in MPM (31). In 
normal J774G8 cells, reduced NBT was observed infre­
quently (less than 5% of cell) as small, diffuse cytoplasmic 
granules. This pattern was observed in 253  of lymphokine- 
activated J774G8 cells but was not correlated with the 
presence of T. gondii.
Macrophage activation; reversal by oxygen Intermediate 
scavengers. The effect o f catalase and superoxide dismutase 
on activated macrophages was examined to determine the 
role of oxygen intermediates in toxoplasmacidal responses. 
Culturing activated macrophages for 4 h with either super­
oxide dismutase- o r catalase-supplemented medium re­
versed the high level o f AO-vesicle fusion exhibited by 
ac tiv a ted  J774G8 cells and MPM. T hese levels o f 
exogenously added scavengers had no affect on the survival 
of T. gondii in normal cells but greatly increased the per­
centage o f T. gondii which escaped acidic vesicle fusion in 
activated cells (Fig. 5 and 6). However, neither supcroxide 
d ism u tase  not c a ta la se  re v e rse d  the  in h ib itio n  o f 
Toxoplasma replication characteristic o f activated MPM or 
J774G8 cells (Table 2).
DISCUSSION
Monitoring acidic vesicle fusion in cells prelabeled with 
AO provided a rapid assessment of the fate o f intracellular 7. 
gondii in MPM and J774G8 cells. The extent of AO-vesicle 
fusion, including lysosomes. with macrophage vacuoles con­
taining 7. gondii reflects both parasite viability and the
CAT
□  80
soo
* Values represent menu -  standard error. * 1 -3 .
* Control.
'  Significantly different IP  s  0.03) from  control.
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FIG. 5. O xygen intermediare dependence o f  J774G8 cell ac­
tivation evaluated by fusion o f  acidic v esic les  with Toxoplas- 
mo-containing vacu oles. Culture conditions; N S S . control spleen  
supernatant; C SS . C onA  spleen ce ll supernatant; TSS T oxoplasm a- 
immune spleen ce ll supernatant; D , CRPMI S 3 .  CRPMI with 1 mg 
o f  catalase per ml: MD. CRPMI with 1 mg o f  superoxide dismutase 
per m l. V alues represent m eans -  standard error, n «  3.
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microbicidal capability of the host macrophage. Heat-killed 
or antibody-coated 7ojro/r/asma-comaining vacuoles under­
went rapid and extensive fusion with AO-vesides in normal 
MPM. However, live T. gondii organisms failed to fuse with 
AO-vesides in MPM and normal J774G8 cells. The extent of 
acidic vesicle fusion within the first hour after infection 
closely matches the percentage o f  7. gondii organisms which 
are ultimately digested in lysosomes and agrees with previ­
ous reports concerning the fate o f 7. gondii in normal MPM 
(13,181.
A two-step activation sequence involving a general stim­
ulus and a specific lymphokine is required for macrophage 
activation as demonstrated by killing o f Leishmonia spp. (51 
and tumor cells (9, 21. 261. Previous reports have indicated 
that heart infusion broth was necessary for lymphokine 
activation of MPM challenged with 7. gondii (3. 12. 15). 
which likely served as a source o f endotoxin similar to 
thioglycolate medium used here. Immune o r in vitro- 
activated MPM killed intracellular 7. gondii rapidly by an 
oxygen-dependent mechanism evidenced b) greater NBT 
reduction and AO-vesicle fusion. Elevated levels o f lyso­
some fusion with intracellular microorganisms may be a 
general feature of lymphokine-activated macrophages as this 
also occurs in Toxoplasma-immune macrophages (10. 311 
and when in vitro-activated MPM are challenged with 
Coccidiodes immitis (4).
J774G8 cells supported intracellular grow th o f  T. gondii at 
rates comparable to normal mouse macrophages. Activated 
J774G8 cells which killed T. gondii with similar eficiency to 
in vitro-activated MPM and RAW 264 cells (3) exhibited high 
rates of AO-vesicle fusion. Although Murray reporied NBT 
reduction in J774G8 phagocytic vacuoles containing Leisli- 
mania spp. (14). we did not observe NBT staining of T. 
gondii in J774G8 cells. Our results suggest that J774G8 cells 
kill 7. gondii organisms by a mechanism that may not require 
O j- delivery to the phagosome. Alternatively, our observa­
tions may indicate that NBT does not readily enter J774G8 
phagosomes containing 7. gondii.
Additional evidence for the role of oxygen intermediates 
in microbicidal activity o f MPM and J774G8 cells was 
provided by the reversal of elevated levels o f AO-vesicle 
fusion by exogenous catalase and superoxide dismutase. 
Superoxide dismutase was consistently more effective in 
protecting 7. gondii than catalase. Our results indicate that 
Toxoplasma organisms are killed in activated MPM and 
J774G8 cells by elevated levels of oxygen intermediates 
produced during entry and consequently undergo fusion and 
lysosomal digestion. However, when 7. gondii organisms
soo
T A BLE 2 Effect o f  oxygen  intermediate scavengers on in vitro  
activation o f  MPM
NSS CSS TSS 
MOUSE MAROPHAGE ACTIVATION AND 
REVERSAL
FIG. 6. O xygen intermediate dependence o f  m ouse macrophage 
activation as evaluated by acidic vesic le  fusion  with T oxoplasm a-  
containing vacuoles. Culture conditions as in Fig. 5.
No of 7. gondii organi-m-
Culture condition- vacuole at 1t< h’ in
MPM 7*741,*
Normal 4.2 i  o . r 4.3 = 01*
TSS' activated 1.2 =  0.1" 1.1 s  0  1-
T SS activated plus 1 mg o f  catalase 1.4 = 0.2" 1.2 = 0.1'
per ml
T SS activated plus 1 mg o f 1.3 = 0.1" 1.2 ±  0.2-
superoxide dism utase per ml
* Values represent m eans a  standard  erro r, n •  
•C o n tro l.
'  Toxoplasm a  imm une spleen cell supernatant.
"  Significant!) different IP  s  0.05s from  control
are protected by exogenous scavengers, they survive the 
initial microbicidal effects of activated MPM J774G8 macro­
phages and reside in vacuoles which resist lysosomal fusion. 
Consistent with this hypothesis, exogenous oxygen interme­
diate scavengers also protect 7. gondii organisms from 
elevated levels of oxidative intermediates produced by im­
mune macrophages 117. 18).
Murray et al. (18. 191 reported that oxygen intermediate 
scavengers partially reversed the inhibition of Toxoplasma 
replication by immune mouse macrophages. However these 
results were obtained with immune macrophages produced 
by infection with a low- virulence strain of 7. gondii. In 
boosted immune macrophages (see above) we have observed 
that the inhibition of Toxoplasma replication is not sensitive 
to oxygen intermediate scavengers. This apparent discrep­
ancy in results indicates functional differences in the micro­
bicidal state of activated macrophages from mice given a 
single inoculation of a low virulence Toxoplasma strain 
versus those rechallenged with virulent 7. gondii RH. as 
previously reported by Hibbs et al. (8l.
We report here that the capability of in vitro-activated 
J774G8 cells and mouse peritoneal macrophages to inhibit 
Toxoplasma replication is independent o f oxy gen intermedi­
ates and was not affected by exogenous oxygen intermediate 
scavengers. Additional evidence for the oxygen indepen­
dence of inhibition activity comes from respiratory burst- 
deficient macrophages from patients w-ith chronic granulom­
atous disease, which are activated in vitro by lympkokine 
treatment to inhibit Toxoplasma replication (15|. Signifi­
cantly. cells which do not produce oxygen intermediates in 
association with endocytosis are capable o f  inhibiting 
Toxoplasma replication when treated with lymphokines (3. 
7i. In fibroblasts, inhibition occurs by a process attributed to 
gamma interferon-induced degradation of tryptophan which 
limits Toxoplasma growth (21. 22. 291. The presence of 
oxygen-independent inhibition of 7. gondii organisms dem­
onstrated here in activated J774G8 cells and MPM may 
indicate a similar mechanism in macrophages.
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SUPEROXIDE DISMUTASE AND CATALASE IN TOXOPLASMA GONDII.
L. David Sibley, 
Robin Lawson, and 
Earl Weidner
Molecular and Biochemical Parasitology, in press.
11
1 2
ABSTRACT
Catalase and superoxide dismutase detected In both RH and C strain 
Toxoplasma gondii tachizoites were distinctly different in 
electrophoretic mobility from host cell enzymes. Catalase and 
superoxide dismutase activity levels were similar in both Toxoplasma 
strains and showed narrow pH optima around 8.0. Toxoplasma superoxide 
dismutase was resistant to cyanide but inhibited by azide or peroxide, 
consistent with an iron containing enzyme typical of protozoan 
parasites. These enzymes may play a role in intracellular survival; 
however, they do not appear to be the basis for differences in 
virulence to mice.
KEY WORDS; Toxoplasma gondii, oxygen intermediates, catalase, 
superoxide dismutase.
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INTRODUCTION
The antimicrobial activity of macrophages is closely tied to
oxygen radical production triggered during phagocytosis (1).
Toxoplasma gondii escapes the toxic effects of the respiratory burst by
failing to trigger oxygen radical and intermediate production when
entering normal macrophages (2). Previous reports have indicated that
inhibition of Toxoplasma proliferation by activated mouse peritoneal
macrophages and human monocytes is tied to increased production of
oxygen intermediates (3-7).
The present study examines oxygen intermediate detoxifying enzymes
from two widely used laboratory strains of T. gondii which are
morphologically and antigenically similar (8-11) but differ
significantly in their virulence to mice. Toxoplasma RH strain (12)
does not readily produce chronic infections due to its high virulence
in mice (LD^q -10) (12,13), nor does it produce oocysts when fed to
cats (14). Toxoplasma C strain (15) readily develops oocysts in cats
and is fully capable of producing chronic cysts in rodents where it is
3
moderately virulent (LD^q = 5 x 10 ).
We report here electrophoretic properties and quantitative 
activities of catalase and superoxide dismutase from C and RH strain 
Toxoplasma tachizoites.
ABREVIATIONS: Hepes, N-2 hydroxyethyl piperazine N-2' ethane sulfonic 
acid; PBS, phosphate buffered saline; MPM, mouse peritoneal 
macrophages; SOD, superoxide dismutase; EDTA,
ethylenediaminetetraacetic acid; X/XO, xanthine, xanthine oxidase.
MATERIALS AND METHODS
Parasites and Cell Culture
Toxoplasma RH strain tachizoites (1-4) were harvested from ascitic
fluid of infected CF1 mice (Charles River Laboratory) in HBSS (Hanks'
balanced salt solution; Gibco), 10 mM Hepes (N-2 hydroxyethyl
piperazine N-2' ethane sulfonic acid; Gibco), 20 units ml * heparin
(Sigma), and filtered through 3.0 urn polycarbonate membrane filters
(2). Toxoplasma C (15) and RH strains were maintained in human
fibroblast cultures (16) which assures stable virulence of these
strains in mice (13). Toxoplasma tachizoites were harvested from
fibroblast monolayers by forced syringe passage using a 27 gauge needle
and filtered through 3.0 um polycarbonate membranes. For some
experiments Toxoplasma tachizoites harvested from HF cultures were used
to infect monolayers of mouse peritoneal macrophages (MPM) plated in 75 
2
cm flasks. Toxoplasma tachizoites were released from rupturing host 
cells after 24 h culture and harvested by filtration through 3.0 um 
membrane filters. Purified tachizoites were concentrated by 
centrifugation at 200g for 5 min, washed three times in phosphate 
buffered saline (PBS, Irvine Scientific), and stored at -70 C.
Toxplasma Killing and Replication Assays
MPM monolayers cultured on 12 mm coverslips (17) were challenged 
with freshly isolated Toxoplasma cells suspended in 0.2 ml of medium at 
a ratio of 5:1 for 5 min, rinsed three times, and recultured at 37 C.
To determine the extent of infection with Toxoplasma and the rate of 
parasite replication, triplicate monolayers were fixed in 
9-aminoacridine (0.4% in 50% ethanol/water) and examined by phase 
contrast microscopy 1, 6 and 18 h after infection. Fusion of
macrophage phagocytic vacuoles containing Toxoplasma with lysosomes and 
other acidic organelles was evaluated 1 h.after infection in MPM 
monolayers prestained with acridine orange (17,18).
Qualtitative Enzyme Determination
Electrophoretic mobilities of superoxide dismutase (SOD, E.C 
1.15.1.1) and catalase (CAT, E.C 1.11.1.6) were determined by
g
horizontal starch gel electrophoresis. Approximately 10 Toxoplasma or 
host cells were thawed in 0.1 ml of 50 mosM PBS (pH 7.8) containing 2 
mM EDTA (ethylenediaminetetraacetic acid) and 0.1% Triton X-100, 
sonicated 8 min, and clarified by centrifugation at 12,000g for 10 min. 
For each sample, three separate culture preparations were 
electrophoresed in parallel in 12.5% starch gels at 75 mA for 6 h using 
Poulik's (19) buffer system (electrode buffer pH 8.2, bridge buffer pH 
8.7). Gel slices were stained for specific enzyme activity as detailed 
by Harris and Hopkinson (20) and photographed using Kodak Panchromatic 
X film. Staining for SOD activity was also done in the presence of 
inhibitors: ImM cyanide, 5 mM azide, or 1 mM peroxide.
Quantitative Enzyme Determination
Toxoplasma cell lysates (above) were dialyzed against 50 mosM PBS 
containing ImM EDTA a n d 0.1 mM dithiothriotol at pH 7.8 to remove low 
molecular weight components which can interfer with quantitative assays 
(21). Protein content was measured with the Biorad protein assay kit 
using electrophoresis molecular weight markers (Sigma) as a standard. 
Reagents for quantitative assays were purchased from Sigma Chemical 
Co., St. Louis, MO. SOD activity was measured based on the inhibition 
of xanthine/xanthine oxidase (X/XO) induced reduction of cytochrome c 
using bovine SOD as a standard (22). At pH 7.8, 1 unit of SOD will 
inhibit by 50% the reduction of cytochrome c by 0^ generated from X/XO
16
( 2 2 ) .
To establish the pH dependency of SOD activity, one unit of 
Toxoplasma SOD (at pH 7.8) was added to reaction mixtures in 50 mosM 
PBS adjusted to pH values ranging from 4.0 to 10.0. The rate of 
cytochrome c reduction in the absence of SOD was determined separately 
for each pH value. The % of control (pH 7.8) SOD activity at each pH 
was calculated from the observed inhibition of cytochrome c reduction 
based on the expectation that 1 unit should inhibit cytochrome c 
reduction by 50%. To characterize the type of SOD enzyme in
Toxoplasma, assays were also run in the presence of inhibitors: 1 mM
cyanide, 5 mM azide, or 1 mM peroxide.
Catalase activity was detected by the decomposition of ^ © 2  
monitored at Substrate solution was prepared by adding 100 jul of
30% hydrogen peroxide to 50 ml of 50 mosM PBS, pH 7.8 adjusted to k^
= 0.500. One unit of catalase activity corresponds to a decrease of
^240 ^rom 0*^50 to 0.400 in 1 min which represents the decomposition of
1.15 uraol of H202 (Sigma units). Bovine liver catalase (Sigma) was 
used as a standard. The pH dependency of catalase was established by 
monitoring the decompostion of H 2 O 2  in 50 mM PBS adjusted from pH 4.0 
to 10.0.
RESULTS AND DISCUSSION
RH and C strain Toxoplasma tachizoites harvested from fibroblasts 
were equally capable of infecting MPM where they occupied cytoplasmic 
vacuoles with a high capacity to resist the fusion of acidic vesicles 
including lysosomes (70% unfused at 1 h). Digestion of Toxoplasma 
cells which did not avoid lysosome fusion was evident as a reduction in 
the % of infected cells 6 h after infection (Fig 1). Examination of 
MPM monolayers 18 h after infection confirmed that 70% of RH and C 
strain tachizoites which entered MPM avoided digestion (Fig 1). The 
intracellular replication rate of RH tachizoites harvested from mice or 
from HF cultures matched that previously reported under similar in 
vitro culture conditions (A) (Fig 2). The slower replication rate of C 
tachizoites (Fig 2) is consistent with longer in vitro replication 
times previously reported of other low virulence strains of Toxoplasma 
(23,2A). Consistent with a slower rate of intracellular division, low' 
virulence strains take significantly longer to reach detectable and 
lethal levels in mice (13).
Superoxide dismutase activity which reduces superoxide radicals to 
hydrogen peroxide (22,25), was visualized on starch gels based on the 
inhibition of nitroblue tetrazolium reduction (20). Human fibroblasts 
and MPM contained a faster migrating cyanide/peroxide sensitive SOD 
enzyme and a cyanide/peroxide insensitive SOD enzyme of slower mobility 
(Fig 3). These forms likely represent a Cu/Zn containing cytoplasmic 
enzyme and a Mn containing mitochondrial enzyme (26) (Fig 3). A 
single SOD enzyme was evident in extracts of RH and C Toxoplasma cells 
grown in MPM. Toxoplasma SOD was similar in both strains but 
distinctly different from any of the host cell SOD activities (Fig 3).
However, C strain Toxoplasma grown in human fibroblast cultures was 
consistently contaminated with fibroblast mitochondrial SOD (Fig 3). 
Phase-dense organelles, possibly representing host cell mitochondria, 
were observed adhering to Toxoplasma cells during purification from 
fibroblast cultures. For this reason quantitative assays were 
conducted on RH and C strain Toxoplasma grown in MPM.
Quantitative activity of SOD in Toxoplasma cell extracts was not 
significantly different between RH and C strains (Table 1) and is 
similar to SOD activity of Leishmania promastigotes (27). Toxoplasma 
SOD activity detected here was substantially greater than the value of 
6.1 units mg * reported previously for RH Toxoplasma (28). The higher 
SOD activity reported here can be explained by our use of Triton X-100 
during lysis and dialysis of Toxoplasma extracts as well as the use of 
azide reported by Murray et al. (28) which we have shown (below) 
inhibits Toxoplasm SOD activity. SOD activity of Toxoplasma was 
substantially inhibited by peroxide (77%), partially by azide (50%), 
and not detectably by cyanide; characteristics consistent with the iron 
containing SOD enzyme of other parasitic protozoa (21). The degree of 
Toxoplasma SOD inhibiton by azide (50%) is similar to that exhibited by 
Leishmania tropica and Trypanosoma brucei SOD enzymes (29).
Catalase, which catalyzes the breakdown of hydrogen peroxide to 
water and oxygen was visualized in starch gels as clear zones against a 
potassium ferricyanide stained background (20). A single catalase 
enzyme of identical mobility was detected in both strains of 
Toxoplasma. Toxoplasma catalase was distinct from that observed in MPM 
cells (Fig 3). Extracts of RH and C strain Toxoplasma cells contained 
similar levels of catalase activity (Table 1). The relatively high 
level of catalase in Toxoplasma cells may account for the reported
resistance to high concentrations of ^2^2 In contrast organisms
such as Leishmania which contain little catalase are highly suceptable 
to damage (31). The level of catalase activity in Candida spp.
(32) and Leishmania amastigotes vs. promastigotes (31) is positively 
correlated with the degree of intracellular survival. However, in the 
present study no difference in catalase activity was detected between 
RH and C strain Toxoplasma in spite of their different rate of 
intracellular replication.
Toxoplasma SOD and catalase activities were substantially 
affected by the pH of the reaction mixture. Maximal activity observed 
at pH 8.0 was reduced to 50% at pH 6.0 and to negligble levels at pH 
4.0 for both enzymes. Although the pH optiuma may reflect conditions 
within the Toxoplasma cell cytoplasm, oxygen intermediate scavenging 
enzymes may be released directly into the phagocytic vacuole where 
oxygen radicals are generated by the host cell during phagocytosis. If
this is the case, pH-dependent activity of oxygen intermediate 
scavenging enzymes within the newly formed phagosome may be a 
significant component of Toxoplasma cell viability during entry into 
macrophages. In normal MPM, Toxoplasma cells occupy phagocytic 
vacuoles which maintain a neutral pH (33), a condition which may allow 
catalase and SOD to contribute to parasite survival by scavenging 
oxygen intermediates. Increased capacity for phagsosome acidification 
by normal MPM in the presence of specific-antibody and by activated MPM
(33) may inhibit Toxoplasma catalase and SOD and thus favor the 
destruction of entering parasites.
The present report indicates that RH and C strain Toxoplasma have 
different intracellular replication rates in vitro which correlate with 
virulence in mice. The basis of this strain difference is evidently
independent of endogenous catalase and SOD activities which are similar 
in RH and C strain Toxoplasma.
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TABLE 1. Catalase and superoxide dismutase activity In extracts
of Toxoplasma harvested from mouse peritoneal macrophages.
Toxoplasma strain Superoxide dismutase Catalase
RH strain 14.16 +  .81* 16.9 +  .9*
C Strain 1 3 . 9 5 + 1 . 0 6 *  18. 6 + 1 . 7 *
*Values represent mean activity In units protein +  S.E., N»3.
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FIGURE LEGENDS
1. Percent of mouse peritoneal macrophages infected with Toxoplasma
declines during culture due to digestion of parasite-containing 
vacuoles that fuse with lysosoraes (Table 1). Values represent means + 
S.E. from 100 cells on each of 3 coverslips. (■) RH, (•) C.
2. Replication rates of Toxoplasma strains in cultured mouse peritoneal
macrophages are significantly different and are correlated with
virulence JLn mice. Labels as in Figure 1.
3. Composite scheme of gel electrophoresis results on superoxide dismutase
(■■) and catalase (023) from host cells and two strains of Toxoplasma. 
Mo, mouse peritoneal macrophages; RH-Mo, RH strain Toxoplasma harvested 
from mouse peritoneal macrophages; C-Mo, C strain Toxoplasma harvested 
from mouse peritoneal macrophages; C-HF, C strain Toxoplasma harvested 
from human fibroblasts; HF, human fibroblasts. Inhibition by peroxide 
and cyanide indicating Cu/Zn containng SOD ( ^ ) ,  or by azide and 
peroxide indicating Fe SOD (— *-).
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Phagosome acidification blocked 
by intracellular Toxoplasma gondii
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Toxoplasma gondii belongs to a group of highly virulent Intracel­
lular parasites that reside In host cell vacuoles which resist typical 
phagosome-lysosome fusion'. Live Toxoplasma replicate prodi­
giously within modified phagocytic vacuoles formed during Invagi­
nation of the host plasma membrane2'1. In contrast, beat-killed 
Toxoplasma or specific antibody (beat-laactivated)-coated live 
Toxoplasma-containing vacuoles readily undergo lysosome fnslon 
and digestion in normal macrophages^4. Of newly recognised 
significance to Toxoplasma survival is the microbicidal effect of 
phagosome acidification, which reportedly can occur independently 
of fusion with other acidic vesicles***. We report bere that modified 
live Toxoplasma-containing vacuoles fall to acidify In normal 
macrophages, as indicated by the sensitive pH probe fluorescein. 
In contrast, when live Toxoplasma are coated with specific antibody 
(heat-inactivated), they trigger phagosome acidification when 
entering normal macrophages. A similar acidification is observed 
when normal phagocytes ingest dead Toxoplasma. Extracellular 
Toxoplasma are highly susceptible to acidic pH conditions, indicat­
ing that the acidification block in the modified vacuoles may be 
important for intracellular survival.
The endogenous acidification of macrophage phagosomes 
may involve two independent mechanisms that operate before 
acidic vesicle fusion. First, NADPH-oxidase activity, associated 
with the phagocytic respiratory b un t, forms superoxide radicals 
and deliven H* ions to the phagosome9. Second, phagosome 
acidification may involve the Mg-ATPase H*-ion pump iden­
tified in pinosomes* and ligand-receptor endosomes10*15 also 
formed by plasma membrane invagination. Given the potential 
for similar acidic changes in newly formed phagosomes* and 
the pH susceptibility o f  Toxoplasma't,n , we investigated how 
the in situ pH o f macrophage vacuoles containing Toxoplasma 
aflccted intracellular survival.
The fate o f live compared with heat-killed or antibody- 
coated Toxoplasma in normal or activated mouse peritoneal 
macrophages was evaluated microscopically at intervals after 
infection in vitro. Live Toxoplasma here refers to extracellular 
parasites freshly collected from mouse ascites", representing 
the maximum viability obtainable. Acridine orange was used to 
prelabel acidic cell compartments, including lysosomes of 
macrophages cultured on coverslips". One hour after infection, 
80% of live Toxoplasma’containing vacuoles blocked fusion of 
acridine orange-labelled vesicles in normal macrophages. 
However, 86% of heat-killed (60*C for 10min) or antibody 
(heat-inactivated)-coated live Toxoplasma vacuoles fused with 
acridine orange-labelled vesicles within 1 h o f phagocytosis by 
normal macrophages. In activated macrophages from immune 
mice* which were cultured in vitro for 8 h, 85% o f live Toxo­
plasma vacuoles fused with acridine orange compartments, were 
digested, and thus resemble heat-killed orantibody-coated Toxo­
plasma vacuoles.
To evaluate the cidal effect o f acidic pH, extracellular Toxo­
plasma were incubated in media at fixed pH values and then 
evaluated for their ability to  survive in host cells. The viability 
o f live Toxoplasma was reduced to <60% of control after 
incubation in media at pH  6.0, as evaluated by plaque formation 
on fibroblast monolayers10 and fusion with acridine orange- 
labelled vesicles in normal macrophages (Fig. 1).
Having established the high susceptibility o f extracellular 
Toxoplasma to acidicpH, we examined the inrirupH  o f modified
411 *11 M l  t i l  KII
r-H
Fig. I -Viability o f  Toxoplasm a  a t evaluated by ability to block 
fusion o f  acidic vesicles (labelled with acridine orange I in 
macrophages (bars) and plaque formation on fibroblast 
monolayers (tine) (expressed as plaque-forming units. PFU i. S ig­
nificant reduction in Toxoplasm a  viability was observed by both 
methods when extracellular Toxoplasm a were exposed to media 
o f  pH 6.0.
Methods. RH strain Toxoplasma  tachizoites latexually replicating 
stages from acute infections in m icel were collected in Hank's 
balanced salt solution (H B SSl pH 7.2 (ref. 181. After lOmin 
incubation in isotonic HBSS adjusted to pH values from 4.0 to 
8.0 (Orion Research millivolt pH  meter 6111. Toxoplasma  were 
returned to HBSS at pH 7.2 and used for viability assays within 
30 min. Normal m ouse peritoneal macrophages were cultured in 
endotoxin-free (<0.01  ng m l*', Limulus Amebocyte Assay, A ssoci­
ates o f  Cap C od Inc.) RPM I-1640 with 10% heat-inactivated fetal 
ca lf serum (C RM PI, G ibco) on 12-mm-diameier glass coverslips 
in 24-well plates for 18 h before use. The extent o f  fusion in normal 
macrophages labelled with acridine orange" was evaluated I h 
after Toxoplasma infection i n « J I : \  Plaque formation on human 
fibroblast m onolayers10 was evaluated after 7 days and expressed 
as mean % control (pH  7.21 from triplicate 25-cm1 flasks
and heat-killed or antibody-coated Toxoplasma vacuoles in 
macrophage monolayers. In situ pH measurements were esti­
mated from a standard curve relating fluorescence intensity I /01 
of intracellular fluorescein-labelled Toxoplasma to fixed pH 
values (s.e.“  ±0.15 unit; see Fig. 3a legend). The excitation 
spectrum o f fluorescein is sensitive to pH changes between 4.0 
and 8.0 and is independent o f fluorochrome concentration when 
expressed as the J0 (520 nm) ratio o f excitation at 495/450 nm 
(ref. 21).
Modified live Toxop/osma-containing vacuoles were labelled 
using the fluid phase marker fluorescein dextran present in the 
media during infection with Toxoplasma (Fig. 2a, 6). Normal 
macrophage monolayers containing modified vacuoles labelled 
with fluorescein dextran showed a slight decrease in /0 during 
the first hour after infection (Fig. 36). This slight acidification 
from pH 7 .2 to 6.8 is probably due to  the 20% of Toxoplasma 
which fuse with acidic cell compartments and the small amount 
of fluorescein dextran pinocytosed by macrophages during 
infection (see Fig. 2 legend). Most fluorescein dextran in the 
modified vacuoles did not undergo decreases in /0, demonstrat­
ing that live Toxoplasma reside in neutral pH vacuoles.
The acidification o f heat-killed or antibody-coated Toxo­
plasma vacuoles, which are destined to fuse with lysosomes, 
was evaluated in macrophages challenged with either heat-lulled 
Toxoplasma in the presence o f fluorescein dextran (Fig. 2a, 6) 
or fluorescein isothiocyanate (FITC)-antibody-coated Toxo­
plasma (Fig. 2c ,d ). Normal macrophage vacuoles containing 
heat-killed Toxoplasma and fluorescein dextran underwent an 
extensive fall in pH  from 7.2 to 5.2 after 1 h (Fig. 36). Consistent 
with their intracellular fate, a similar rapid acidification of 
these vacuoles was observed with FITC-antibody-coated live 
Toxoplasma in normal macrophages (Fig. 36). O f considerable 
interest, live Toxoplasma labelled with fluorescein dextran
H
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Fig. 2 M acrophage m nnolayen containing fluorescein-labelled 
Toxoplasma-containing vacuoles photographed on  a Leitz 
Ortholux 11 epifluoresccnce m icroscope using a Nikon HFX35-m m  
camera on Kodak Tri-X panchromatic film, a, Epifluoresccnce: 6. 
phase contrast; r, epifluoresccnce: d, differential interference con ­
trast. M onolayers were pulsed for 5 min with live or heat-killed 
Toxoplasm a  in CRPMI containing 2 mg m l'1 fluorescein dextran 
(relative m olecular mass 20,000; Sigma), rinsed extensively in 
phosphate-buffered saline IPBSl and recultured. Approximately 
80% o f  phagocytic vacuoles contained visible fluorescein dextran 
which did not affect block o f  acridine orange-labelled vesicle fusion  
or Toxoplasm a  replication in normal macrophages. Spectro- 
fluoromelry measurements indicated that pinocytosis o f  fluorescein 
dextran accounted for 10% o f  the total label internalized during 
Toxoplasma infection Toxoplasma  labelled with rabbit IgG and 
FITC-goat anti-rabbit (Sigm al were internalized by macrophage 
monolayers during I min infection challenge.
underwent a rapid acidification in activated macrophages (Fig. 
36). We did not detect the previously reported transient 
alkalinization to pH 7.4 at 2-3 min post-phagocytosis, although 
this may be because we used external media at pH  7.2 rather 
than 6.8 (ref. 6).
The kinetics o f acidification o f heat-killed or antibody-coated 
Toxoplasma vacuoles (Fig. 3b) indicates that a  rapid shift to 
acidic pH is initiated within the first 3-5 min, starting from 
pH 7.2 and falling to pH 5.6 at 15 min post-phagocytosis. This 
rapid acidification rate appears similar to that o f  other reports 
on phagosomes of macrophages* and Amoeba32. During the 
initial IS min post-phagocytosis, the rate of pH change in phago­
somes is significantly higher than the rate o f fusion with acidic 
compartments prelabelled with acridine orange (Fig. 4). At 15 
min, when acidification is 70% complete, 65% o f the vacuoles 
still show no evidence o f acridine orange vesicle fusion (Fig. 4). 
This pattern is consistent with the model that phagocytic vacuole 
acidification precedes fusion with other acidic vesicles, including 
lysosomes*.
Several mechanisms may be involved in the rapid acidification 
of compartments of heat-killed or antibody-coated Toxoplasstta 
vacuoles. First, acidification may represent fusion o f cytoplasmic 
vesicles which deliver proton-pumping ability to the phagosome, 
such as acidisomes described in Paramecium13. However, this 
explanation would only fit the data in Fig. 4 if  the delivery 
vesicles are not active before vacuole fusion and thus not labelled 
with acridine orange. In this case, the failure o f  acidification of 
live Toxoplasma vacuoles represents a block o f delivery-vesicle 
-fusion. Alternatively, the observed differences in acidification 
may result from the degree o f  endogenous NADPH-oxidase and 
Mg-ATPase H*-ion pump activity within the phagosome.
We have demonstrated here that live Toxoplasma-containing 
vacuoles show little capacity for acidification whereas both 
antibody-coated and heat-killed Toxoplasma are internalized by 
normal macrophages into phagocytic vacuoles with an inherent
ability to acidify. Activated macrophages challenged with live 
Toxoplasma also form phagocytic vacuoles with a marked ability 
to  acidify. Similarly, the entry o f  live Toxoplasma into normal 
macrophages does not stimulate the oxygen radical production 
which is typical o f  phagocytosis o f antibody-coated Toxoplasma 
by normal macrophages and of live Toxoplasma phagocytnsed
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Fig. 3  a. In  situ standard curve relating fluorescence intensity 
(/o ) ratio o f  intracellular FITC-labelled Toxoplasma  to fixed pH  
values. 6, Fluorescence intensity ratios from macrophage 
m onolayers containing fluorescein-labelled Toxoplasma vacuoles  
at intervals after phagocytosis. A  decrease in l 0 represents a shift 
in the intravacuolar pH  to acidic conditions (a ) . A slight decline 
in / 0 is evident during the first hour after infection from modified  
live Toxoplasma-containing vacuoles in normal macrophages O ,  
probably due to  the 20% o f  Toxoplasma  in this preparation which  
fuse with acid ic vesicles. In contrast, a rapid decrease in 70 is 
observed from macrophage vacuoles containing heat-killed Toxo­
plasma and fluorescein dextran (A ) ,  and FITC-antibody-labelled  
live Toxoplasm a  ( ■ )  in normal m acrophages and from live Toxo­
plasm a  and fluorescein dextran ( • )  in activated macrophages. 
Methods, a . M acrophage monolayers containing FITC -Toxo­
plasma (see  Fig. 2a , 6 )  were incubated in sodium citrate (pH  4.0, 
4.5, 5.0) or PBS (pH  5.5, 6.0, 6.5, 7.0, 7.5, 8.0) containing 10 pm  
m onensin to  collap se cell p H  gradients and clamp intracellular 
compartments at the fixed pH  o f  the external bufler. Fluorescence 
intensity was recorded from macrophages attached to coverslips 
placed in 1-ctn cuvettes using an Aminco-Bowman spectro- 
fluorometer with 10-nm bandwidth excitation (altered between 450 
and 495) and 5-nm  bandwidth em ission centred at 520 nm, n «  6 
(ref. 21). C orrection for background scatter and autofluorescence 
was m ade by subtraction o f  l 0 readings from a similar set o f  
m onolayers w hich did not contain fluorescein. 6 , Infected  
macrophages labelled  with fluorescein (cell density 2 x | 0 (  per 
covcrslip; 2 -5  Toxoplasma per host ce ll) were rinsed in PBS and 
/«  recorded in PBS at 37 *C. Corrected values were obtained by 
subtracting background fluorescence readings from unlabelled  
infected m onolayers. A  separate set o f  three coverslips was used 
to  determ ine m ean / 0 ratio for each tim e point. Intracellular acidifi­
cation o f  heat-killed or antibody-coaled Toxoplaima-conlaining 
vacuoles was reversible by addition o f  10 pM  monensin in PBS at 
pH  7 2  ( + ) ,  but w as not aflected by changes in external bufler pH  
in  the absence o f  ionophore.
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Mg. 4  C om panion  o f  the rate or  fution  o f  acidic vcaiclc (labelled  
with acridine orange, AO) ( ■ )  with pH changes ( □ )  in  normal 
macrophage containing heat-killed or antibody-coated Toxo­
plasma. M ost acidification occurs before the fusion o f  acidic vesi­
cles including lysosom es. The % o f  to u l acidification is calculated  
from l 0 data points in Fig. 3b representing FITC-labelled Toxo­
plasm a  ingested during a I-min pulse. The eatent o f  acidic vesicle 
fusion was obtained from normal macrophages labelled with 
acridine orange and challenged similarly with F1TC-Toxoplasm a. 
Three separate coverslips were used to score each tim e point. 
Similar kinetic curves for fu s io n  rate were obtained with heat-killed  
Toxoplasma  in normal macrophages and live Toxoplasm a  in acti­
vated macrophages.
by activated macrophages". These two observations suggest that 
differences in plasma membrane enzyme activation during for­
mation of live as opposed to heat-lulled or antibody-coated 
Toxoplasma vacuoles are responsible for their ultimate intracel­
lular fate.
Although Fc and C3b receptors may trigger acidification 
during phagocytosis o f antibody-coated Toxoplasma, acidifica­
tion resulting from ingestion o f heat-killed Toxoplasma by nor­
mal macrophages and live Toxoplasma by activated 
macrophages must be initiated by an alternative receptor, as 
antibody was not present in these preparations. Initiation is 
either not triggered when live Toxoplasma enter normal 
macrophages, or is inhibited, as demonstrated by the failure of 
modified live Toxoplasma-containing phagosomes to acidify. A
similar pattern o f variable extent o f endosome acidification 
occurs in ligand-receptor endosomes, where pH values range 
from 6.4 to S.Odepending on the receptor involved"'15. Although 
Toxoplasma show a specific attachment phase before entry3'4, 
neither the receptor involved in this step nor the distribution of 
other cell-surface receptors within the phagosome have been 
characterized.
The significance o f phagosome acidification to intracellular 
Toxoplasma is paramount to survival, judging from their high 
susceptibility to mild acidic conditions when they are extracel­
lular. Thus, the failure o f acidification exhibited by live Toxo­
plasma-containing vacuoles in normal macrophages enables 
Toxoplasma to survive within cells normally considered microbi­
cidal. In support o f this hypothesis, two other intracellular 
parasites which resist lysosome fusion have been shown to reside 
in neutral (pH  *  6.9)’ or weakly acidic (pH 6.1)34 compartments 
in normal macrophages. Increased capacity for phagosome 
acidification in activated macrophages and in normal 
macrophages in the presence o f specific antibody probably 
contributes to the destruction of intracellular Toxoplasma.
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ISOLATION OF CALCIUM RESPONSIVE MEMBRANE VESICLES 
SECRETED BY TOXOPLASMA GONDII DURING HOST CELL ENTRY.
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ABSTRACT
We report here on morphological development and unique protein 
components of modified endocytic compartments in macrophages infected 
with Toxoxplasma gondii. Modified phagocytic vacuoles occupied by 
Toxoplasma cells resist host cell digestion and are characterized by 
accumulation of membrane-like intravacuolar (IV) tubules formed by the 
parasite during entry. The IV tubules are often observed as continuous 
extensions of Toxoplasma cell plasma membrane and appeared 
multi-lamellar when treated with tannic acid to enhance membrane 
staining.
IV tubules readily separated from intact Toxoplasma cells by their 
tendency to disperse in Ca/Mg free (CMF) buffer and were purified using 
differential centrifugation. Extracellular Toxoplasma cells incubated 
in CMF buffer formed additional membrane vesicles which resemble IV 
tubules produced intracellularly. Purified IV tubules sedimented at 
100,000g, showed characteristic unit membrane structure, and were 
recognized by immune sera from mice with chronic Toxoplasma infection. 
The IV tubule fraction consisted of a prominent protein of 30 kd and 
minor components of 35kd and 20kd. A unique soluble calcium binding 
component secreted by Toxoplasma cells during incubation in CMF buffer 
may be involved in regulation of the Ca responsiveness of Toxoplasma 
cell surface membranes, including the IV tubules. The purification of 
this important host-parasite interface should enable further 
characterization of the mechanism whereby Toxoplasma avoids host cell 
digestion.
INTRODUCTION
Toxoplasma gondii, the agent of toxoplasmosis, is a highly 
successful protozoan parasite which readily enters nucleated host cells 
and occupies modified endocytic vacuoles that resist normal digestion. 
Toxoplasma enters host cells by a process of active penetration and 
induced phagocytosis as reviewed by Werk (28). Toxoplasma cells 
replicate within modified phagocytic vacuoles failing to trigger oxygen 
radical production (29) and phagosome acidification (23) while 
avoiding lysosome fusion (14).
Morphologically, the modified vacuole is delineated by a unit 
membrane, formed during invagination of the host cell plasma membrane, 
which is closely surrounded by host cell endoplasmic reticulum and 
mitochondria (13). A prominant array of membrane-like tubules are 
formed within the vacuole during entry and subsequent parasite growth 
and replication. Similar intravacuolar (IV) tubules have been 
described from other intracellular coccidia (4) and microsporidian 
parasites (27). The function of the IV tubules has been postulated to 
involve nutritional exchange between the host cell and growing 
trophozoites (4). However, as the major interface between the 
parasite and host cell cytoplasm,this region may account for the 
resistance to intracellular killing and digestion.
The present report describes the isolation of membrane vesicles 
from modified phagocytic vacuoles of infected macrophages and 
characterizes the protein components of the IV tubules produced by 
Toxoplasma. Significant quantities of IV tubules are formed within the 
first 5-10 min post infection and often appear continuous with the 
surface of the parasite and with the inner membrane of the expanding
modified vacuole. The rupture of infected host cells releases clusters 
of IV tubules which adhere to the intact parasites. The IV tubules 
were dispersed by incubation in CMF buffer and were purified from 
intact Toxoplasma cells by differential centrifugation. The IV tubules 
show clear unit membrane substructure, sediment at a rate 
characteristic of membrane vesicles, contain electron dense lamella, 
and are recognized by immune mouse sera. Analysis of the IV tubule 
fraction by SDS-PAGE revealed a major protein band of 30 kd and minor 
components of 35 kd and 20 kd.
MATERIALS AND METHODS
Parasite and cell culture RH strain Toxoplasma was maintained by 
serial passages in CF1 mice (Charles River Labs, Cambridge, Mass.)* 
Ascitic fluid was harvested in HBSS containing Ca/Mg (Gibco, )
supplemented with 10 units/ml heparin (Sigma Chemical Corp. St. Louis,
Mo.) and 10 mM HEPES (Gibco). Extracellular Toxoplasma cells were 
purified from remaining host cells by filtration through 3.0 urn 
polycarbonate membrane filters (Nuclepore, Pleasanton, Ca.) (29) and 
washed 3 times to remove host cell debris.
To study the progression of intravacuolar tubule development,
mouse peritoneal macrophages were infected with Toxoplasma and 
processed for electron microscopy (EM) at selected intervals. CF1 mice 
were primed by 1 cc ip injection of 2% thioglycolate media (Gibco) to 
elicit peritoneal macrophages. Three days after thioglycolate 
injection, freshly isolated Toxoplasma were injected ip where they 
readily infect host cells. Peritoneal cells were fixed by injection of 
cold (4 C) 2% glutaraldehyde (Marivac Ltd., Halifax, Can.) at 5, 10, 30 
and 60 min post infection, isolated from the peritoneal cavity, and 
processed for TEM.
Isolation of IV Tubules Freshly isolated, washed Toxoplasma cells were 
resuspended in cold (4 C) dissociation buffer (DB) consisting of CMFPBS 
(Irvine Scientific, Santa Ana, Ca.) pH 7.2 containing 10 units/ml 
heparin, .1 mM EDTA, .1 mM DTT, 1 ug/ml PMSF, 10 ug/ml TLCK (Sigma) and 
agitated for 30 min at 4 C. Incubation in isotonic DB did not affect 
the viability of Toxoplasma as shown by reinjecting mice and by the 
ability to infect host cells in vitro as previously described (24).
The protocol used to isolate and characterize secretion products of
Toxoplasma under Ca/Mg free conditions is illustrated in Figure 1. 
Following incubation in DB, intact Toxoplasma cells were pelleted by 
centrifugation 10 min at lOOOg, 4 C. The supernatant was further 
clarified by four additional lOOOg spins. The supernatant was then 
centrifuged at 10,000g for 1 hr, 4 C and the pellet saved for analysis 
of large organelles released by inadvertent lysis of Toxoplasma cells. 
Representative fractions of the supernatant after 10,000g spin were 
saved for analysis of the organelle-free secretion products. The 
10,000g supernatant was further separated into sedimented membrane 
vesicles vs. soluble proteins by centrifugation at 100,000g for 2 hr, 4 
C. Membrane vesicles were washed 2x in DB using a Beckman air 
ultramicrofuge by pelleting at 150,000g for 1 hr. Fractions were 
concentrated with Centricon-10 columns (Amicon, Danvers, Mass. ) to a 
final volume of 50 ul and stored at -20 C.
Electron Microscopy For transmission electron microscopy cells were 
fixed with 2% glutaraldehyde (GA) in .1 M cacodylate buffer, post fixed 
with 1% osmium tetroxide, dehydrated in graded series of ethanol, and 
embedded in LR White resin (London Resin Co. Ltd, Hampshire, England). 
To enhance membrane staining,cells were post fixed in 1% osmium 
tetroxide plus 1% potassium ferricyanide (8) or fixed with GA plus 1% 
tannic acid and post fixed with osmium plus 1% tannic acid (25). Thin 
sections were stained with uranyl acetate and lead citrate and viewed 
with a JOEL lOOx transmission electron microscope.
For serologically specific electron microscopy (SSEM) (5)* 
carbon-formvar coated grids were incubated 30 min in 1:100 dilution of 
mouse anti- Toxoplasma antisera, washed 3 times in PBS and incubated 1 
hr with suspensions of the isolation fractions. Mouse anti- 
Toxoplasma antisera was collected from CF1 mice with chronic Toxoplasma
infection after boosting as described previously (24). Controls 
consisted of grids incubated in normal mouse sera followed by 
isolation fractions. SSEM grids were stained with either 1% uranyl 
acetate or 27. phosphotungstic acid, air dried and viewed with a JOEL 
lOOx microscope.
Gel Electrophoresis Toxoplasma cells and isolates were lysed in 1%
Triton X-100, 10 mM Tris-HCl containing .1 mM EDTA, .1 mM DTT, 1 ug/ml
PMSF, and 10 ug/ml TLCK sonicated 10 min, 4 C and clarified at 10,000g
for 10 min. Protein content was estimated using the Biorad protein
assay kit with molecular weight markers as a standard. Molecular
weight markers consisted of: cytochrome c (12,300), lysozyme (14,000),
alpha-chymotrypsinogen (25,700), ovalbumin (43,000), bovine serum
albumin (68,000), phosphorylase b (97,400), and myosin (200,00)
(Bethesda Research Labs, Gaithersburg, Md.). Protein extracts were
boiled 2 min in 17. SDS, 2X 2-ME (final concentration) and separated by
electrophoresis in 6-14% gradient gels using the discontinuous buffer.
system of Laemmli (17). Gels were stained with Comassie blue followed
by silver staining and photographed with Kodak Panchromatic X film.
45
Ca Binding Proteins from each of the isolation steps were analyzed
for calcium binding activity by autoradiography of nitrocellulose (NCP)
blots (18). Native proteins were dot-blotted onto 0.1 urn NCP
(Schleicher and Schuel, Keene, N.H.) and washed 2x with 50 mM Tris-HCl
pH 7.4. Air dried NCP strips were incubated in Ca-free hybridization
buffer pH 6.8 consisting of 60 mM KC1, 10 mM Tris-HCl, 5 mM M g C ^  for 1
hr prior to labelling. NCP strips were then incubated in hybridization
45
buffer containing 1 uCi/ml CaClg for 10 min, washed 5 min in
distilled H 2 O pH 6.8 and air dried. Autoradiographs were obtained of 
45
the Ca labelled NCP strips using Kodak XAR-5 film exposed at -70 C
41
for 24 to 48 hr.
Abbreviations
HBSS, Hank's balanced salt solution; HEPES, N-2-hydroxyethylpiperazine 
*
N -2 ethane sulfonic acid; EDTA, ethylenediamietetracetic acid; DTT, 
dithiothreitol, PMSF, phenyl methyl sulfonyl fluoride; TLCK, N 
alpha-p-tosyl-L-lysine chloromethyl ketone.
RESULTS
Intracellular IV Tubules The formation of IV tubules in 
Toxoplasma-containing vacuoles of mouse peritoneal macrophages was 
examined by TEM at time intervals of 5, 10, 30 and 60 min 
post-infection. Membranous profiles were observed within the newly 
formed phagocytic vacuole, often in association with the apical end of 
the Toxoplasma cell, as early as 5 min post-infection (PI) (Fig 2).
The phagosome membrane appeared continuous in all cases indicating the 
initial vacuole forms by invagination of the host cell plasma membrane. 
Strands of host cell rough endoplasmic reticulum (RER) were closely 
adjacent to the limiting vacuole membrane, but were not connected 
during the early stages of infection.
Significant quantities of IV tubules were apparent within the 
modified phagocytic vacuole as early as 10 min PI (Fig 3). The 
membrane-like tubules measured 40-60 nm dia and extended several 
microns in convoluted length. The modified phagocytic vacuole 
undergoes considerable enlargement between 30 and 60 min PI (Fig 4). 
Enlargement of the vacuole is visible by phase-contrast microscopy (not 
shown) and is associated with increased size of the vacuoie lumen prior 
to parasite growth or replication. The IV tubules were stained with 
increased contrast in the presence of potassium ferricyanide and the 
unit membrane substructure was readily apparent (Fig 4,5). IV tubules 
were occasionally observed as continuous with the parasite surface 
membrane and with the inner membrane of the expanding vacuole (Fig. 4,6). 
Membrane vesicles > 200 nm dia were present within the lumen of the 
vacuole in addition to the elongate tubules. On the cytoplasmic side 
of the vacuole a continuous layer of host RER was evident giving the
vacuole a triple membrane appearance. Prominent association of host 
cell mitochondria with the enlarged vacuole was also evident by 30-60 
min PI (Fig 4).
Calcium Responsiveness and Purification of Extracellular IV 
Tubules Toxoplasma cells released from rupturing host cells are 
readily purified (see methods) and washed free of host cell components. 
Extensive clusters of IV tubules adhere to Toxoplasma cells that are 
pelleted at low speeds (ie 100-500g) in the presence of Ca/Mg (Fig 7,8). 
In the absence of Ca/Mg the IV tubules disperse and are not found with 
the Toxoplasma cells in low speed pellets (not shown). We have used 
this Ca/Mg sensitivity to isolate dispersed IV tubules from intact 
Toxoplasma cells with minimal contamination under physiological 
conditions (Fig 1).
Washed Toxoplasma cells were placed in Ca/Mg free PBS and agitated 
for 30 min to disperse and allow separation of IV tubule clusters. 
Dispersed IV tubules no longer sediment at low centrifugation speeds 
whereas intact Toxoplasma cells are readily pelleted. To examine the 
effect of CMFPBS incubation on cell ultrastructure Toxoplasma cells 
were incubated in CMFPBS and fixed in GA and processed for TEM.
Membrane bound extensions protruded from the Toxoplasma cell surface 
although the internal cell structure remained intact (Fig 9). The 
extensions had distinct unit membrane structure and often contained an 
electron dense core and appeared similar to IV tubules and vesicles 
formed within host cell vacuoles (Fig 10) . CMFPBS incubated Toxoplasma 
cells treated with tannic acid showed a lamellar substructure within 
the membrane protrusions (Fig 11,12). The spacing between adjacent 
lamella was 5-7 nm suggesting concentric membrane layers (Fig lj). 
Toxoplasma cells incubated in CMFPBS and washed 3 x in Ca/Mg free media
uwere pelleted at lOOOg and analyzed by TEM. Although membrane 
extensions were evident, the clusters of extracellular IV tubules were 
no longer present (not shown).
Immune Recognition of IV Tubules To identify conditions necessary 
to purify the dispersed IV tubules after CMFPBS treatment, we employed 
the technic of seriologically specific electron microscopy (SSEM) (5).
The cell-free CMFPBS supernatant was fractionated by centrifugation at 
1 0 ,0 0 0 g for 1  hr and the pellet was saved for analysis of large 
organelles indicative of host cell contamination or inadvertant 
lysis of Toxoplasma cells. The 10,000g supernatant was then 
centrifuged at 1 0 0 ,0 0 0 g to sediment membrane vesicles leaving the 
soluble proteins in the supernatant. Fractions of the isolation 
protocol were screened using mouse anti- Toxoplasma antibody coated 
grids to detect the presence of IV tubules. Membrane-like vesicles 
were detected in the CMFPBS supernatant after removal of the intact 
Toxoplasma cells. The vesicles concentrated in the pellet after 
ultracentrifugation (Fig 13, l 4) were similar in size and appearance to 
the IV tubules seen intracellularly and in clusters during CMFPBS 
incubations. The vesicles were not present on control grids coated 
with normal mouse sera and no membrane profiles or organelles were 
detected in the 10,000g large organelle fraction either by SSEM or by 
directly drying material on grids.
Protein Analysis The fractions of the isolation protocol were 
analyzed by SDS-PAGE to determine the protein content of specifc 
fractions and the purity of isolation (Fig 15). The CMFPBS incubation 
supernatant contained significant quantities of proteins of apparent 
molecular weight (Mr) 45 kd and 30 kd as well as a large number of 
minor components (lane 4). The same pattern of proteins was observed
in CMFPBS supernatants concentrated with Centricon-10 columns or by 
additon of Ca spike to precipitate proteins (see below). This pattern 
of proteins secreted by Toxoplasma in CMF conditions (lane 4) is 
significantly different from that produced by lysis of whole Toxoplasma 
(lane 1). Further evidence that Toxoplasma cells are not lysed by 
the CMFPBS incubation conditions is provided by the lack of detectable 
protein in large-organelle pellets (lane 3). The ultracentrifugation 
pellet, which contained Toxoplasma specific membrane vesicles, was 
comprised primarily of three proteins (lane 2): a major peptide of 30kd 
and minor components of 35 kd and 20 kd.
Calcium Precipitation Addition of a Ca spike, final concentration 1 
mM, to the 10,000g supernatant resulted in rapid precipitation of the 
membrane vesicles and soluble proteins in association with a large 
amount of flocculant material. The precipitate was dependent o n  the 
presence of secreted Toxoplasma proteins and did not occur when up to 
10 mM Ca was added to the CMF incubation buffer without prior addition 
of Toxoplasma cells. No precipitant was formed when up to 10 mM Mg was 
added to the 10,000g supernatant containing Toxoplasma proteins. 
Analysis of the washed pellet after boiling in l%SDS-2% 2-ME revealed 
it contained all protein components in the CMFPBS supernatant that were 
detectable by Centricon-10 filter concentration and SDS-PAGE.
Following precipitation of the protein by addition of Ca the 
supernatant was negative for protein as determined by the Biorad
microassay.
45 45
Ca Labelling The ability to bind Ca in the presence of excess
Mg was evaluated using proteins bound to NCP. Equal amounts of total
protein of Toxoplasma whole lysate (lane 1, Fig 15), CMFPBS incubation
supernatant (lane 4, Fig I5 ), purified Toxoplasma membrane vesicles
(lane 2, Fig 15), and bovine serum albumin (BSA) (Sigma) were analyzed
4 5
by autoradiography of Ca labelled blots. BSA can be expected to
4 5
nonspecifically bind some Ca due to negative charge and served as a
45
negative control in the assay for specific high affinity Ca binding. 
Proteins contained in whole Toxoplasma lysate and in the purified
4 5
Toxoplasma membrane vesicles did not bind significant amounts of Ca. 
However, components of the CMFPBS incubation supernatant showed a high 
affinity for ^ C a  (Fig 15b) .
DISCUSSION
The IV tubules are an integral component of the resistant 
modified endocytic compartment occupied by Toxoplasma. IV tubules are 
produced when live Toxoplasma cells enter normal or heat inactivated 
macrophages ,but not when heat killed (56 C, 15 min) Toxoplasma cells 
are phagocytosed by live macrophages (20). Specific antibody coated 
Toxoplasma, which are rapidly killed and digested by macrophages, do 
not induce the formation of a modified phagocytic vacuole (14). 
Ultraviolet radiaton inactivated Toxoplasma cells sucessfully enter 
macrophages and produce IV tubules characteristic of the modified 
phagocytic vacuole. Although the parasites themselves undergo 
degeneration within 24 hr, the modified vacuoles remain intact and 
continue to resist lysosome fusion for up to 6  six days (7). IV 
tubules are not restricted to infections in macrophages but also form 
when Toxoplasma cells enter kidney cell lines (22) and fibroblasts 
(unpublished obs.).
The rapid establishment of the IV tubules within the modified 
vacuole suggests a role in protection from host cell digestion which is 
initiated during early stages of phagocytosis (2,9,16). We report 
here that membrane vesicles extruded from Toxoplasma cells are 
associated with the surface membrane and accumulate as clusters of IV 
tubules within the modified phagocytic vacuole within 5 min of entry. 
Nicholls and O'Conner (21) reported that the IV tubules are secreted 
from the apical organelles known as the rhoptries during host cell 
entry and subsequently contribute to the growing endocytic compartment. 
We also have observed continuities between the inner vacuole membrane 
and the IV tubules which suggest they are intergrated to form the
expanding modified phagocytic vacuole. We found no evidence for 
rupture of the host cell membrane during entry, in agreement with 
previous reports (1,11,13). Consistent with the intergrity of the 
plasma membrane during entry, soluble fluid-phase dyes placed in the 
media during infection are readily concentrated into 
Toxoplasma-containing vacuoles in macrophages (23). The formation of 
the modified phagocytic vacuole proceeds with association of host cell 
RER forming a continuous layer around the initial vacuole and with a 
prominent accumulation of host cell mitrochondria.
Extensive intracellular replication of Toxoplasma cells leads to 
host cell lysis and release of large numbers of parasites that clump 
with clusters of IV tubules. Tight association between the IV tubules 
and Toxoplasma cell surfaces in the presence of Ca/Mg allows 
sedimentation at relatively low g force and enables purification from 
host cell organelles and membranes. • The responsiveness to Ca/Mg 
levels was used to disperse clusters of IV tubules from intact 
Toxoplasma cells. In CMF buffer, prominent extensions of the 
Toxoplasma plasma membrane were evident suggesting the IV tubules may 
form by secretion from the cell surface. Once dispersed in CMFPBS 
buffer the IV tubules responded like membrane vesicles and required 
ultracentrifugation to sediment. There was no evidence of host cell 
contamination or inadvertant lysis of Toxoplasma cells, leading us to 
conclude that the purified membrane vesicles indeed represent the 
intravacuolar tubules.
A pronounced unit membrane substructure was evident in both 
intracellular IV tubules and during extracellular extrusion. Staining 
of extracellular IV tubules with tannic acid revealed a whorled 
membrane arrangement that has also been reported within rhoptries of
Toxoplasma cells fixed under slightly different conditions (21).
Similar membranous whorls are observed in rhoptries of malaria 
sporozoites and when extruded show an affinity for the parasite cell 
surface (26). Membrane profiles similar to the IV tubules are also a 
major feature of the host cell cytoplasmic vacuole occupied by malaria 
(3,19).
Analysis of the protein components by SDS-PAGE revealed that
purified IV tubules are comprised primarily of a 30 kd protein with
lesser amounts of 35 kd and 20 kd proteins. The major surface protein '
of Toxoplasma is a 30 kd molecule (15) that has been localized within
the IV tubules,in addition to occurring on the cell surface (6 ). In
addition, both 35 kd and 21 kd peptides are major surface determinants
of Toxoplasma (10,12). Our EM observations suggest that the IV
tubules form by protrusions of the surface membrane and thus would be
expected to contain surface peptides. The IV vesicles were readily
purified from suspensions by mouse anti- Toxoplasma antibody coated
grids but not by normal sera. The strongly antigenic nature of the IV
vesicles suggests they may have an important role in the immune
response during chronic toxoplasmosis infection.
Incubation of Toxoplasma cells in CMFPBS also leads to secretion
of a number of soluble proteins not associated with the IV tubules.
Preliminary evidence suggests that a strong Ca binding component is
contained in the soluble proteins produced under these conditions.
45
Ca binding was evident in autoradiographs of proteins secreted during
CMFPBS incubation but not in the total Toxoplasma cell extract or in
45
the purified IV tubules. The Ca binding component in the CMFPBS
45
fraction was capable of binding Ca in an excess of Mg and may account 
for the Ca responsive behavior of the IV tubules. The free Ca
concentration of newly formed endocytic compartments has not been 
reported; however, a drop in Ca concentration following phagocytosis 
may serve as the cue for intracellular release of the IV tubules. In 
this case, secretion of a Ca binding proteins within the phagosome 
would favor production of IV tubules and establishment of the modified 
vacuole.
We report here that the production of IV tubules occurs rapidly 
during host cell entry and may contribute to the observed resistance to 
digestion of the modified phagocytic vacuole. The IV tubules form 
continuous extensions with the surface membrane under CMF conditions 
and contain proteins of similar Mr to known Toxoplasma surface 
peptides. The Ca responsive properties of the IV tubules may be
related to a unique Ca binding protein excreted by Toxoplasma.
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FIGURE LEGENDS
1. Toxoplasma cell vithin newly formed phagocytic vacuole of mouse 
peritoneal macrophage. Several membrane vesicles (V) are evident 
within the vacuole near the apical end of the parasites where the 
rhoptries (R) connect. (N), Nucleus, (M), Mitochondria, x 13,000.
3. Large clusters of membrane-like intravacuolar tubules (IVT) and 
membranous vesicles (V) fill the lumen of the modified phagocytic 
vacuole within 10 min post-infection, x 15,000.
4. The expanded lumen of the modified vacuole contains a large network of 
IV tubules by 30 min post-infection. Connections with the parasite 
surface and vacuole membrane (arrow heads) are occasionally observed. 
The close alignment of host rough endoplasmic reticulum (RER) gives the 
modified vacuole its characteristic triple membrane appearance (arrow) 
which is enhanced by potassium ferricyanide treatment, x 16,000.
5. Enlargement of the IV tubules within the modified phagocytic vacuole 
demonstrating their unit membrane structure, x 28,000.
6 . The IV tubules make continuous extensions with the parasite surface and 
vacuole membrane, indicating that extensions of the parasite surface 
membrane may contribute to the expanding vacuole, x 20,000.
7. Toxoplasma cells released from ruptured host cells adhere to clusters 
of IV tubules and vacuoles. In the presence of calcium the IV tubules 
and Toxoplasma cells pellet at low speed and are readily purified from 
host cell components, x 18,000.
8 . Enlargement of the extracellular IV tubules demonstrating the unit 
membrane structure, x 33,000.
9. Toxoplasma cells incubated in calcium magnesium free (CMF) buffer form 
protrusions from the plasma membrane, x 19,000.
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10. Enlargement of the Toxoplasma cell surface demonstrates continuity of 
unit membrane delineated protrusions with the plasma membrane.
Membrane bound vesicles (V) which contain an electron dense core may 
form by budding from the protrusions. The pellicle (P) beneath the 
parasite cell surface membrane consists of what appears to be two 
tightly opposed unit membranes, x 53,000.
11. The membrane protrusions produced by Toxoplasma cells incubated in CMF 
buffer are comprised of multiple lamellar whorls when fixed in the 
presence of tannic acid, x 60,000.
12. Enlargement of the whorled protrusions which resembled stacked 
membranes with spacing of 5-7 nm. The plasma membrane (PM) and pelicle 
(P) are much more faintly stained by tannic acid treatment during 
fixation, x 1 2 0 ,0 0 0 .
13. Ultracentrifuge purified IV tubules which were dispersed by CMF buffer 
incubation. Unit membrane structure is evident in this thin section, 
x 55,000.
14. Seriologically specific electron microscopy demonstrates the antigenic 
nature of the IV tubules which were absorbed by mouse anti- Toxoplasma 
antibody coated grids but not by normal mouse sera coated grids. 
Negatively stained with 1% phosphotungstic acid, x 33,000.
15a. SDS-PAGE analysis of Toxoplasma proteins resolved in 6-14% gradient
gels stained with Coomassie blue and silver. Whole Toxoplasma cell
lysate, lane 1; purified Toxoplasma IV tubules from ultracentrifuge
pellet, lane 2;' large organelle (10,000g) pellet, lane 3; secreted
proteins contained in CMFPBS after removal of Toxoplasma cells, lane 4.
Each lane contains 5 ug total protein.
45
15b. Ca binding of protein fractions attached to nitrocellulose filter
45
paper. The CMFPBS supernatant fraction (4) shows strong Ca binding
that is not apparent in total Toxoplasma extract (1) or in the purified 
IV tubules (2). Each sample contains 10 ug total protein except dot 3 
which is blank. Bovine serum albumin (BSA) included as control for 
nonspecific negative charge associated binding.
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SUMMARY
The preceding reports examine a number of features of the 
intracellular comparmem occupied by Toxoplasma in mouse macrophages. 
The ability of activated macrophages to eliminate Toxoplasma occurs by 
at least two mechanisms. Oxygen-dependent killing is associated with a 
plasma membrane system triggered during entry. This system is enhanced 
in activated macrophages which kill Toxoplasma during invasion. The 
endogenous content of oxygen intermediate detoxyfying enzymes probably 
enables Toxoplasma to neutralize the oxidative capacity of normal 
macrophages but not the elevated levels of activated macrophages.
Strain differences of Toxoplasma are apparently not related to oxygen 
intermediate detoxification systems, but are correlated with in vitro 
replication rate. In addition to oxidative killing, activated 
macrophages inhibit the replication of the Toxoplasma cells, which 
survive the initial cidal attack, by an oxygen-independent mechanism.
The rapid acidification of endocytic compartments does not occur 
when live Toxoplasma enter normal macrophages, ensuring a homeostatic 
environment within the vacuole. The increased capacity for vacuole 
acidification by activated macrophages or by normal macrophages in the 
presence of specific antibody may represent a mechanism of generalized 
resistance to intracellular pathogens within the immune host. 
Significantly, Toxoplasma catalase and superoxide dismutase would be 
inactivated by acidification of the vacuole making the parasite more 
vulnerable to oxygen intermediate damage.
Membrane vesicles are formed very rapidly with the phagocytic 
vacuole entered by Toxoplasma. The membranous vesicles are evidently 
produced by the parasite and show a high affinity for the surface
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membrane. Purification of the membrane vesicles from the modified 
phagocytic vacuole occupied by Toxoplasma revealed several notable 
features. The vesicles are calcium responsive, clumping in the 
presence of calcium and dispersing when calcium is absent. The calcium 
responsiveness may be related to a unique soluble calcium binding 
component produced by Toxoplasma. Several prominent proteins are 
contained within the purified membrane vesicles which are recognized by 
anti- Toxoplasma mouse sera indicating that they are of parasite 
origin. The purification of this important host parasite interface 
should enable further characterization of the mechanisms whereby 
Toxoplasma avoids host cell digestion.
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